INTRODUCTION
After an acute Achilles tendon rupture (ATR), the healing process is prolonged, the outcome is variable, and 1 year after the rupture many patients still report pain and fatigue in the affected limb. [1] [2] [3] One reason for the difficulties in improving the intervention and treatment of ATR is a lack of early markers that can be used to predict the healing progress and the long-term outcome. 4 During the last decade, a method to assess the healing progression of ATR was developed by using a microdialysis technique, 5 in which a small catheter is placed in the metabolically active part of the tendon, that is, the paratenon. 6 7 Microdialysis of the extracellular matrix followed by the quantification of a wide variety of molecules of interest has provided reliable and usable data concerning metabolism and healing progress in many human tissues. 8 Two markers of collagen metabolism, procollagen type III N-terminal propeptide (PIIINP) and procollagen type I N-terminal propeptide (PINP), have been used in bone tissue for the early prediction of the success of interventions, for example, for osteoporosis treatment. 9 Procollagen type I and III are essential building blocks in all types of connective tissue, and the markers PINP and PIIINP have been used to assess collagen metabolism in intact human Achilles tendons subjected to exercise and growth factor stimulation. 10 To the best of our knowledge, PINP and PIIINP assessments on healing tendons have
What are the new findings?
▪ A majority of the patients sustaining an ATR reported fatigue and/or pain in the limb at 1-year postoperative control. ▪ This study reports for the first time that tendon callus formation markers assessed during early tendon healing can predict the long-term patientreported outcome after an ATR. ▪ These novel results should be used to hasten the development of improved treatment methods for patients with tendon injuries.
not been previously evaluated in terms of patient outcome. Therefore, we hypothesised that the local collagen metabolism during early human Achilles tendon (AT) repair might be associated with the long-term functional and patient-reported outcome of pain and fatigue after ATR. Pain and fatigue are two important and independent patient-reported outcome measurements (PROMs) which were considered as the primary outcomes in this study.
To study these issues, we recruited patients with acute ATR and operated on them; then at 2-week postoperatively, we performed microdialysis of the healing and contralateral intact Achilles tendons followed by enzymatic quantification to assess callus production. We assessed functional and patient-reported outcomes after 1 year.
MATERIALS AND METHODS

Patients:
Patients from two different cohorts with acute ATR included in prospective, randomised controlled trials (NCT01317160 and NCT02318472) 11 were analysed 2 weeks postoperatively using microdialysis (n=65) and at 1 year postrupture, they were assessed using patient-reported and functional outcome measurements (table 1) .
The inclusion criteria were: (1) acute unilateral ATR and (2) age between 18 and 71 years. The exclusion criteria were: inability to give informed consent; current anticoagulation treatment; planned follow-up at another hospital; inability to follow instructions; known kidney failure; heart failure with pitting oedema; thrombophlebitis; thromboembolic event during the previous 3 months; other surgery during the previous month; known malignancy; haemophilia; and pregnancy.
Surgical procedure: Patients were operated in the prone position without the use of a tourniquet on an outpatient basis. Local anaesthesia was infiltrated with 20 mL of Marcaine-Epinephrine 5 mg/mL +5 µg/mL (AstraZeneca, London, UK). A longitudinal 5-10 cm skin incision was made over the medial border of the AT, and the paratenon was incised in the midline. The tendon stumps were end-to-end sutured using a modified Kessler suture technique with two 1-0 polydioxanone (PDS II) sutures. Thereafter, the paratenon and fascia cruris were separately sutured using 3-0 Vicryl, and the skin was closed with 3-0 Ethilon. All sutures were supplied by Ethicon, Somerville, New Jersey, USA.
After the surgery was completed, the patients were randomised and underwent 2 weeks of postoperative rehabilitation with either calf intermittent pneumatic compression beneath a weight bearing orthotic device, initially with three wedges, Aircast XP Walker, DJO LLC, Vista, California, USA (n=14), 11 12 non-weight-bearing plaster cast treatment (n=19), or treatment with a weight-bearing orthotic device, VACOped, OPED Gmbh, Germany (n=32).
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At 2 weeks, all patients who returned for follow-up were mobilised with an orthosis (Aircast XP Walker, DJO LLC, Vista, California, USA (n=23) or VACOped, OPED Gmbh, Germany (n=42)), and were instructed to start bearing their full weight. At 6 weeks, the brace was removed.
All eligible participants received standardised information about the trial, and gave written informed consent to participate in the study. 
Microdialysis
To assess tendon healing, microdialysis followed by procollagen and protein analyses were performed as described by Greve et al. 6 Microdialysis was conducted at the 2-week postoperative control. The participants were instructed not to eat, smoke or use snuff for at least 1 hour before the appointment. Only six participants were smokers (table 1) .
A microdialysis catheter (CMA 71; CMA Microdialysis AB, Solna, Sweden; 100 kDa molecular cut-off, 0.5 mm outer diameter; 30 mm in length) was introduced, with guidance from ultrasound, into the peritendinous space 2-5 mm ventral to the AT. Perfusion fluid (Macrodex) was pumped at 1.0 µL/min (CMA 107; CMA Microdialysis, Solna, Sweden) through the catheter and was finally collected in a vial (Microvial, CMA Microanalysis AB, Solna, Sweden). Samples were collected every 30 min for 2 hours, and were analysed using an ISCUS Clinical Microdialysis Analyzer (CMA Microdialysis AB, Solna, Sweden). Owing to the lingering effects of the insertion trauma and the possible differences in fluid pump adjustment during the first few minutes, the first of the four vials was not considered reliable and therefore was not included in the calculations.
Determinations of procollagen I and III and of protein content
In order to assess markers of callus production, the PINP, the PIIINP, and the protein content were quantified in the microdialysis dialysate. The PINP and PIIINP levels were measured via a sandwich ELISA kit as per the manufacturer's instructions (USCN Life Science, Inc, Houston, Texas, USA) and the total protein content was assessed with the Bradford protein assay. Newly synthesised or partially processed forms of procollagens were measured as PINP and PIIINP, which are the soluble propeptides of collagen I and III. The qualitative, normalised procollagen levels (n-PINP and n-PIIINP) were calculated by dividing the concentrations of PINP and PIIINP, respectively, by the total protein content.
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Patient-reported outcome and physical activity The patients' symptoms and physical activity level were assessed using two reliable and valid scores, the Achilles tendon Total Rupture Score (ATRS) 14 and the Physical Activity Scale (PAS). 15 The ATRS consists of 10 questions that can be scored from 0 to 10, leading to a total summed score of 0-100; a lower score indicates more symptoms and greater limitation of physical activity and quality of life. The ATRS includes specific questions about pain (Q4: Are you limited due to pain in your calf/AT/foot?) and fatigue (Q2: Are you limited due to fatigue in your calf/AT/foot?), which are the two important and independent PROMs that were considered as the primary outcome in this study. For the PAS, a score of 1 means that a patient is mostly sedentary, whereas a score of 6 means that a patient has engaged in heavy physical exercise several times per week.
Functional evaluation
Approximately 1 year after their injury, all patients returned for a functional outcome assessment. The functional evaluation consisted of muscular endurance tests and was performed as previously described. 16 17 The tests have been shown to be reliable and valid, 18 19 and have frequently been used to evaluate the outcome after ATR. 1 2 17 20-22 All evaluations were performed by two independent physical therapists. A MuscleLab (Ergotest Technology Oslo, Norway) measurement system was used for the evaluations.
The heel-rise test for endurance was performed on one leg at a time, with the participant standing on a box with an incline of 10°. A metronome was used to keep a heel-rise frequency of 30/min. The participant was instructed to go as high as possible on each heel-rise and then lower the heel to the starting position, and to perform as many heel-rises as possible. The test was terminated when the patient stopped, could not maintain the frequency, or did not perform a proper heel-rise. The number of heel-rises, the time and height of each heel-rise, the total work (the body weight×total distance) in joules, and the power (work/time) were used for data analysis.
Statistical analysis
The descriptive statistics and statistical analyses were calculated with SPSS, V.22.0. All variables were summarised with standard descriptive statistics such as the frequency, mean and SD. The Limb Symmetry Index (LSI) was defined as the ratio between the injured limb and the uninjured limb expressed as a percentage (injured/ uninjured× 100=LSI).
The outcome measurements were correlated with the markers of tendon callus production by means of a univariate analysis. If a variable or outcome was severely skewed, non-parametric Spearman's rank correlation was used. The significance level in all analyses was set at p≤0.05 (two-tailed). The outcome measurements that were significantly correlated with the variables in the univariate analysis were used as the dependent variable in a linear regression (stepwise forward with an inclusion level of 0.05) with seven independent variables: gender, age, length, height, body mass index (BMI), treatment, and the markers of tendon callus production.
RESULTS
Patient characteristics in relation to markers of tendon callus production
The characteristics of the patients with ATR were significantly correlated with the levels of the tendon callus production markers assessed postoperatively at 2 weeks. Taller patients had lower levels of n-PIIINP in the injured AT (R=−0.26, p=0.042).
Age was positively associated with the concentrations of PINP (R=0.32, p=0.011), PIIINP (R=0.34, p=0.008) and total proteins (R=0.34, p=0.007) in uninjured AT; gender, smoking, and BMI were not significantly related to the levels of the callus production markers in either the injured or uninjured AT.
Markers of tendon callus production in relation to patient-reported outcome The primary outcome of this study was designated as pain and fatigue, which are the two important and independent outcome measures (R=0.12, p=0.49) of the ATRS at the 1-year follow-up. Fatigue (0-10, where 10 represents no fatigue) was the most prevalent symptom and 54.5% of the patients scored 8 or less, and 77.6% scored 9 or less. Experience of pain was found in 23.8% (scores of 8 or less) of the patients and in 44.1% (scores of 9 or less).
Correlation analyses between markers of callus production assessed postoperatively at 2 weeks, and pain and fatigue measured postoperatively at 1 year were significantly associated. Hence, higher levels of PINP and PIIINP in the injured AT were significantly correlated with greater fatigue in the injured limb (table 2) .
Interestingly, the normalised collagen production in the injured AT at 2 weeks exhibited significant, positive correlations with the 1-year postoperative PROMs (table 2) . Thus, patients with higher levels of n-PINP and n-PIIINP had significantly less pain in their affected AT (table 2) .
Markers of tendon callus production in relation to functional outcome
The callus production markers, assessed at 2-week postoperatively, in the injured AT were not significantly correlated with the functional outcome at 1 year. However, since callus production in the uninjured AT was related to the patient characteristics, we hypothesised that it might also be related to the functional outcome. In fact, higher PIIINP levels in the uninjured AT were associated with impaired concentric power (R=−0.37, p=0.020) and a lower maximum heel-rise height (R=−0.39, p=0.012).
Multiple linear regression analyses
Multiple linear regression analyses examined the relationship between the 2-week postoperative assessment of the callus production markers and the 1-year assessment of PROMs, that is, pain and fatigue.
The multiple linear regression analyses confirmed the univariate analyses, and demonstrated that higher PINP levels in the injured AT as a single predictor (R=0.47) was related to greater fatigue in the affected limb (F (1, 35) =9.869, p=0.003, R 2 =0.22) ( figure 1) . Moreover, the regression analyses corroborated that higher levels of n-PINP in the injured AT were positively associated (R=0.38) with the experience of less pain by patients (F (1, 35) =6.019, p=0.019, R 2 =0.15) ( figure 2) . Moreover, the multiple linear regression analyses verified the univariate analysis, with the finding that higher procollagen levels in the uninjured AT were correlated with a negative functional outcome when controlling for patient characteristics. Thus, higher PIIINP levels in the uninjured AT together with lower height of the patient's heel-rise predicted less concentric power (F (2, 37) =7.63, p=0.002, R 2 =0.29). Higher PIIINP levels in the uninjured AT together with the age of the patient predicted a lower maximum height of heel-rise (F (2, 37) =5.86, p=0.006, R 2 =0.24). Figure 1 Each circle represents the outcome of one patient, but sometimes the circles are very close or even merge. Univariate analysis followed by regression analyses showed that a higher concentration of procollagen type I N-terminal propeptide (PINP) in the injured Achilles tendon (AT) was related to greater fatigue in the same affected AT (R=0.47, p=0.003). The Achilles tendon Total Rupture Score (ATRS) fatigue data scale was set as (0-10), where 10=no fatigue and 0=worst level of limitation. The figure also illustrates that many patients are affected by fatigue in their injured limb at 1-year follow-up. Figure 2 Each circle represents the outcome of one patient, but sometimes the circles are very close or even merge. Univariate analysis followed by regression analyses showed that elevated levels of normalised procollagen type I N-terminal propeptide (PINP) in the injured Achilles tendon were significantly and positively correlated with less pain (R=0.38, p=0.019). The Achilles tendon Total Rupture Score (ATRS) pain data scale was set as (0-10), where 10=no pain and 0=worst imaginable pain. The figure furthermore shows that many patients may exhibit some degree of pain in their injured leg at 1-year follow-up.
DISCUSSION
This study established that assessments of the concentrations of procollagen type I and III, and total protein content in microdialysate of the healing Achilles tendons at 2 weeks after ATR can predict the patient-reported outcome of pain and fatigue at 1-year postoperatively.
The finding that more than half of the patients exhibited fatigue and/or pain at 1 year suggests that current outcome after ATR is suboptimal. The results indicating an impaired patient-reported outcome in this study are supported by several recent studies, 20 23 and indicate that better methods to facilitate the development of improved treatment protocols are necessary. 24 Interestingly, the data at 2-week postsurgery that demonstrate that normalised PINP and PIIINP levels were positively related to patient-reported outcome suggest that it is the qualitative ratio of collagen type I and III synthesis per gram of protein rather than the total amount of callus production that is related to an improved outcome. These findings are important for predicting the outcome in patients with ATR, and normalisation is a well-known procedure in biomedical research to compare the quantitative expression of a specific protein of interest. 25 The data showing that increased levels of PINP and PIIINP were associated with impaired patientreported outcome support the above conclusions.
The multiple linear regression analyses found that the callus production markers exhibited significant independent and moderate numerical correlations with the PROMs. However, we found that the correlations between biochemical substances and PROM assessed 1 year apart should be considered as strong. Thus, these findings indicate that the levels of procollagen type I and III, and total protein content in the early healing phase of the AT could be used with other, as yet undiscovered, factors to predict the experience of pain and fatigue in the affected limb as assessed 1-year postoperatively.
The finding that callus production markers in the uninjured limb were also related to patient-reported outcome suggests that the healing response in the injured AT is not the only factor vital to the outcome. On the contrary, the data indicated that other intrinsic variables affect callus synthesis in the contralateral tendon, and can predict the patient-reported outcome. In fact, the significant correlation found between ageing and higher PINP, PIIINP, and protein values in the uninjured limb corroborate that intrinsic patient characteristics, such as age and related tendon degeneration, possibly influence PROM in the contralateral, so-called healthy AT. 26 27 Therefore, patient characteristics as well as the treatment intervention were accounted for by the multiple regression analysis. The strongest correlation indicated that lower PINP values predicted less fatigue in the limb at 1 year after ATRS. The finding that higher normalised PINP was related to less experience of pain corroborated the conclusion that the procollagen markers can predict patient-related outcome, especially since pain and fatigue were found to be the two independent measurements of outcome that are important for both function and the well-being of patients with ATR.
However, the findings that lower PIIINP levels in the uninjured limb were associated with better concentric power and higher heel-rises in the injured AT suggest that a generally lower level of collagen type III synthesis is associated with better function. Earlier studies have clearly established that higher levels of collagen type III and I exist in patients with Achilles tendinopathy. 28 29 Thus, higher levels of PIIINP in the uninjured AT may reflect patients exhibiting Achilles tendinopathy. In fact, Kannus and Józsa 30 demonstrated in 1991 that a majority of patients who experience an ATR also show underlying degenerative changes related to Achilles tendinopathy. 31 Establishing that higher levels of PINP in the injured leg were associated with a greater degree of limb fatigue suggests that the patients with higher collagen type I synthesis levels could be patients with Achilles tendinopathy.
The positive correlation of the normalised level of PINP and PIIINP in the injured AT with the patientreported outcome suggests that collagen type I and III are both important proteins in the healing process at this reparative time point. In fact, in this stage at week 2 of AT healing, fibroblast-like cells synthesise collagen type I and III which form loose connective tissue at the healing site. 32 33 Similarly, in bone healing, both PINP and PIIINP have been used as markers of bone formation in response to osteoporosis therapies. 9 Furthermore, baseline levels of these markers have, in other studies, also been shown to be predictive of the response to osteoporosis treatment. 34 Thus, high levels of PINP have been associated with ageing and bone loss. 9 20 Therefore, analogous to the situation during bone loss, we can speculate that the higher levels of PINP and PIIINP observed in our study could indicate a degenerative condition, such as tendinopathy, which would explain the negative relationship to the PROMs. On the other hand, the positive association between the normalised PINP and PIIINP at 2 -week postinjury and the patient-reported outcome suggests that qualitative collagen type I and III synthesis is important during the healing process. This hypothesis is strengthened by the notion that collagen type I and III are vital constituents of the majority of systemic restoration processes. [35] [36] [37] The potential limitations include that this is a retrospective study which established potential novel predictors of ATR outcome. The results, however, need verification by prospective randomised trials. The results from this study do, furthermore, not allow any conclusion on the optimal time point to collect procollagen markers during healing as to best reflect and predict the healing response. Moreover, to what extent the degeneration, that is, tendinopathy, may affect the levels of procollagen I and III as well as the total protein levels are not known.
In conclusion, this cohort study established that tendon callus formation markers in a microdialysate from the paratenon of the healing AT seem to predict the patient-reported outcome at 1-year postrupture. We suggest that these markers could be used as an early screening control for new interventions and novel treatment methods, and potentially to screen patients in need of specific intervention to improve the healing outcome. Optimisation of the timing of assessment during the healing process might possibly improve the predictivity of the various procollagen markers for the outcome.
